Visible light communications (VLC) is an important emerging field aiming to use optical communications to supplement Wi-Fi. This will greatly increase the available bandwidth so that demands for ever-higher data rates can be met. In this vision, solid-state lighting will provide illumination while being modulated to transmit data. An important obstacle to realizing this vision are receivers, which need to be inexpensive, sensitive, fast, and have a large field of view (FoV). One approach to increasing the sensitivity of a VLC receiver is to increase the area of the receiver's photodetector, but this makes them expensive and slow. An alternative approach is to use optical elements to concentrate light, but conservation of étendue in these elements limits their FoV. In this paper, we demonstrate novel antennas that overcome these limitations, giving fast receivers with large collection areas and large FoV. Our results exceed the limit of étendue, giving an enhancement of light collection by a factor of 12, with FoV semi-angle of 60°, and we show a threefold increase in data rate.
INTRODUCTION
Visible light communications (VLC) is a promising new paradigm for wireless communications, in which light from existing light sources is used as the data carrier [1, 2] . Despite the relatively short time since its inception [3] , VLC has already achieved higher data rates than comparable radio frequency (RF) communications systems [4, 5] . The popularity of wireless communications means that RF bandwidth will not be enough to satisfy future user demands, and, hence, further increases in channel capacity will be essential. Like other communications systems, the maximum capacity of a VLC channel is determined by a combination of the bandwidth of the channel and the signal-to-noise ratio of the receiver. However, future VLC systems will use LEDs primarily designed to provide illumination as transmitters. Their bandwidths are limited to 20 MHz or less [6, 7] , and this makes achieving a high signal-to-noise ratio particularly important in VLC. In principle, a large receiver signal can be obtained by collecting a large fraction of the light from a transmitter. However, a large photodetector (e.g., photodiode) would normally be slow (limiting bandwidth [8] ) and expensive. This means that the only way to increase the signal-to-noise ratio in a receiver is to concentrate light onto a photodetector using an optical element, such as a lens or a compound parabolic reflector (CPC). These optical elements are based upon reflection and refraction and therefore conserve étendue [see Fig. 1(a) ]. This means that increasing the optical gain (the input area S in divided by the output area S out ) of the element reduces its field of view (FoV) [9] [10] [11] . In particular, for optical elements with a refractive index n, the étendue-limited maximum possible gain [9, 12] C max is n 2 ∕sin 2 θ, where θ is the semi-angle that defines the FoV. This means that, for optical elements with a refractive index of 1.5 and a gain of 50, the FoV will be less than 12°, and will not be compatible with mobile devices such as smartphones and laptop computers. There is, therefore, a need to develop a convenient method of concentrating light from a relatively large area onto a photodetector, while maintaining a bandwidth of more than 20 MHz and a wide FoV.
In this paper, we present a novel approach to tackle this challenge and experimentally demonstrate a simple and inexpensive optical antenna that combines gain of more than 1 order of magnitude with a wide FoV of 60°, exceeding the limit set by the conservation of étendue. Our approach for VLC optical antennas is to use a thin layer of fluorescent material and glass cladding [see Fig. 1(c) ]. In these fluorescent antennas, a fluorescent material absorbs the incident light and re-emits it at a longer wavelength. Then, since the fluorescent material has a higher refractive index than its surrounding environment, part of the emitted light is retained inside it by total internal reflection (TIR). This light can then escape at the edge of the fluorescent antenna, where the photodetector of the receiver is placed. The achievable gain, in power density, from the edges can be significant, while the FoV follows closely a cosine law and so is approximately 60°(halfwidth at half-maximum). The reason the fluorescent antenna exceeds the étendue limit for gain is because it is based on fluorescence, which is accompanied by a Stokes shift, and not exclusively on refraction or reflection. In other words, the number of photons rather than the energy flux is conserved [10, 11] . In this regard, they resemble luminescent solar concentrators that have been proposed as an inexpensive method of collecting solar energy [13] [14] [15] . A detailed description of the underlying physics can be found in Refs. [16] [17] [18] [19] . Nevertheless, implementation of a fluorescent antenna for a communications system presents some difficult optical, material, and fabrication challenges [20] .
FABRICATION AND PHOTOPHYSICS OF FLUORESCENT OPTICAL ANTENNAS
The main characteristics required for a good fluorescent antenna for VLC are: (i) a refractive index that will capture the emitted light in the layer of fluorescent material; (ii) strong absorption in the region of 450 nm matching the emission of GaN/InGaN LEDs, but weak re-absorption of its own fluorescence; (iii) high fluorescence quantum yield (PLQY); (iv) excited states with a lifetime of less than 10 ns; and (v) a thin fluorescent layer to enable small area photodetectors to be used, since the bandwidth of small photodetectors is broader [8] .
Based on the above criteria, we selected the dye Coumarin 6 (Cm6) because of its high PLQY, absorption peaking in the blue region of the spectrum, and short fluorescence lifetime. However, as dyes suffer severe quenching of fluorescence at high concentrations, the Cm6 was dispersed in a host matrix. In particular, we explored two crosslinkable materials as hosts, the photoresist SU-8 and the epoxy NOA68. These were selected because they are simple to process, transparent in the wavelength range of interest, can co-dissolve Cm6, and give films with higher refractive index than glass, enabling them to be used to make waveguides with glass cladding.
To fabricate the antennas, a thin fluorescent film was sandwiched between two microscope slides (25 mm × 75 mm × 1.1 mm, n 1.52) using UV curable epoxy NOA68 (n 1.54). Two different structures were made. In one case, the yellow light waveguides in the combined SU-8 and NOA68 layers; in the other case, it waveguides in the NOA68 layer. The total thickness of the thin waveguiding layer, between the two microscope slides, was 100 μm. Some light will escape into the glass layers (microscope slides). For this reason, the edges of the glass slides were covered by black tape [see Fig. 1(d) ], so that only light collected from the thin waveguiding layer would be detected at the edges of the antenna.
The photophysical properties of the dye Cm6 in the photoresist SU-8 are shown in Fig. 2 . The properties of the dye in NOA68 are very similar and can be found in Supplement 1. In particular, Cm6 absorbs blue light strongly [see Fig. 2(a) ], matching the emission band of the GaN/InGaN LEDs, typically used in solid-state lighting. This dye also emits in the green region of the spectrum, with peak wavelengths at 500 and 510 nm for concentrations of 0.01 and 3 mg∕ml in a blend of SU-8, respectively [see Fig. 2(a) ]. The higher concentration film has a more pronounced shoulder appearing at 540 nm. The difference in peak position and the shoulder appearance is due to self-absorption of the emitted light that occurs due to some overlap of the emission and absorption spectra on the short wavelength side of the emission. The key point is that, as shown in Fig. 2(b) , the PLQY of these films remains high, between 80% and 95%, for concentrations up to 3 mg∕ml. Furthermore, the stability of the film was verified by measuring the PLQY for a period of more than a month (see Supplement 1). In addition, Fig. 2(c) shows that the time-resolved fluorescence exhibits a single exponential decay with a lifetime of 3.1 ns. This means that the temporal response of Research Article the Cm6 is much faster than the typical LED modulation rate and will not limit the bandwidth of the VLC communications channel.
OPTICAL CHARACTERIZATION
To understand the performance and optimize the fabrication parameters, the optical properties of the antennas were investigated, and the results are presented in Fig. 3 . As the absorption and emission spectra are very important for antenna operation, we measured them on the actual antenna structure, collecting the emission from the edge. The results, shown in Fig. 3(a) , are similar to the materials measurements presented in Fig. 2(a) . Experimentally (see Table 1 ), it was found that the gain of the antenna increased as the optical density of the fluorescent layer increased. For this reason, the optical density was initially increased by using a higher concentration of Cm6 in SU-8. However, this approach was limited by concentration quenching, and so Cm6 was instead mixed directly with the NOA68. The Photoluminescence (PL) emission from the edge of the antennas also shows the characteristics identified in the photophysical investigation. In particular, as the optical density of the fluorescent layer increases, the shoulder becomes more pronounced.
Another important fabrication parameter that determines the useful antenna length is attenuation loss. Figure 3(b) shows the relative fluorescence power detected at the edge of the antenna as a function of the distance of excitation from the edge. Propagation losses in the waveguide lead to an attenuation of the fluorescence that shows a complex exponential decay. We attribute this to the loss of nonguided rays at short distances, isotropic emission in the plane, and the change in absorption as the light propagates through the fluorescent layer due to self-absorbance and the resulting shift in spectra. As shown in Fig. 3(b) , the use of the optically dense antenna results in more power being collected at the antenna edge. At the same time, however, as can be seen from Fig. 3(a) , there is stronger self-absorption of short wavelengths. Table 1 summarizes the gain of the samples, when measured Cm6/SU8 at 1 mg/ml Cm6/SU8 at 10 mg/ml Cm6/NOA68 at 1 mg/ml Facet PL (a.u.)
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Angle (deg) cos law Experimental Research Article under flood illumination, i.e., when the whole sample is illuminated, by a blue 450 nm LED. The FoV was measured by placing the antenna and attached photodiode on a rotation stage. The sample was flood illuminated with collimated light from a blue LED, and the received signal was recorded as a function of the excitation angle. The results for these FoV measurements [see Fig. 3(c) ] show that the received power at the edge of the antenna falls away with incidence angle, following a cosine dependence. This shows that the dominant phenomenon that determines the FoV is the projected area of the antenna, i.e., a cosine law, and the FoV, therefore, has a semi-angle of 60°. Table 1 summarizes the gain of the samples, when measured under flood illumination, i.e., when the whole sample is illuminated, by a blue 450 nm LED. At normal incidence, the measured gain of the most optically dense antenna was 12, which is more than 4 times higher than the maximum theoretical gain of an optical, étendue-limited, concentrator with a similar FoV. In comparison, the FoV of a compound parabolic concentrator [21] , with a gain similar to that of the fluorescent antenna [also presented in Fig. 3(c) ], would be 20°.
COMMUNICATION CHARACTERIZATION
In a communication system, the achievable data rates are proportional to the system bandwidth (BW), at a specific signalto-noise ratio. We therefore measured the BW as a function of excitation distance from the edge with the detector, and the results are presented in Fig. 4(a) . It can be seen that there is a steady decrease in BW with excitation distance, which eventually saturates, as the distance increases. We attribute this variation in bandwidth to self-absorption of the emitted light. In particular, the absorption and re-emission of photons have the effect of increasing the effective PL lifetime, resulting in a lower BW (see Supplement 1) . Nonetheless, in all cases, the 3 dB electrical bandwidths were above 40 MHz, which is significantly higher than the BW of most commercially available LEDs designed for illumination, which is typically in the range of 5-20 MHz [6, 7] .
Finally, the possibility of creating a communication link using a fluorescent antenna was investigated. A pseudo-random binary sequence was translated into voltage variations using an arbitrary waveform generator, and used to modulate the light output of a commercial blue LED. The modulation scheme that was used was on-off keying (OOK), where the absence of light represents bits with a value of zero and full intensity represents bits with a value of 1. In these experiments, a circular avalanche photodiode (APD) with active area of 1 mm 2 , followed by a transimpedance amplifier, was used as the photodetector. The data rates, achieved in a 0.5 m long data link, are presented in Fig. 4(b) . In this figure, two cases are compared: one where the APD was excited directly, and the other where the APD received light from the edge of the fluorescent antenna. In both cases, the FoV was 60°. To have the same illuminated area of APD, a 100 μm metallic slit was used in front of the APD in the case of direct excitation. An important characteristic of a communications system is how the bit error rate (BER), defined as the number of error bits divided by the total number of bits, depends upon the data rate. The results of BER measurements are shown in Fig. 4(b) . As forward error correction can work well at error rates of up to 3.8 × 10 −3 , the data rate of the system at BER is of particular interest [4, 22] . For the APD alone, at this BER, the data rate is 65 Mb∕s, and this increases to 190 Mb∕s when the fluorescent antenna is used. This shows that an almost threefold improvement in the data rate can be achieved, without decreasing the FoV.
CONCLUSIONS
In conclusion, we have demonstrated a new category of simple and inexpensive optical antennas for VLC. Our fluorescent antennas overcome the limitations created by the conservation of étendue in refractive-reflective-based optical systems, giving a large signal gain, combined with a large FoV. Specifically, we demonstrated a gain of 12 combined with a huge FoV, with a full width at half-maximum of 120°. Nevertheless, the achieved gain, although significantly higher than a conventional optical element, is well below the upper bound arising from thermodynamic considerations [10, 11] . Hence, it should be possible to improve the performance of our optical antennas in the future. In addition, we have demonstrated the importance of the new optical antennas for free-space optical communications by showing a threefold enhancement of data transmission rate. Since these antennas are inexpensive and thin, they could be easily 
